1. Introduction {#sec1}
===============

Malaria is a mosquito-borne disease of human beings caused by parasitic protozoans of the *Plasmodium* genus [@bib1]. Parasitic infections are recognized as one of the major causes of deaths in the third world countries. *Plasmodium falciparum*, *Plasmodium vivax*, *Plasmodium ovale*, and *Plasmodium malariae* are the four notorious species of the protozoal parasites causing malaria in humans. *P. falciparum* and *P. vivax* account for more than 95% of the malarial infections worldwide [@bib2]. Among the various species of *Plasmodium*, *P. falciparum* is the most lethal one causing the most virulent form of human malaria. Annually, *P. falciparum* is known to cause 200--300 million infections and 1--3 million deaths [@bib3]. Generally, malaria is associated with symptoms such as fatigue, fever, headaches and vomiting. In severe cases it may cause yellow skin, seizures, coma or even death [@bib4]. Malaria has been reported to infect human populations for over 50,000 years [@bib5]. The first evidence of *Plasmodium* was reported in a fossilized Culex mosquito in a piece of amber, almost 30 million years old [@bib6].

Presently, several drugs such as chloroquine (CQ), amodiaquine, pyrimethamine, proguanil, mefloquine, atovaquone, primaquine, etc. ([Fig. 1](#fig1){ref-type="fig"} ) are available in market for the treatment of malaria. The main target of most of the antimalarial drugs is the erythrocytic stage of malarial infection. From the last two decades, the resistance of *P. falciparum* strains to CQ, and the emergence of antifolate combination of sulfadoxine/pyrimethamine led to artemisinin combination therapy (ACT) [@bib7]. ACT is now a worldwide treatment of uncomplicated malaria [@bib8]. However, some recent fears of the onset of artemisinin resistance in Cambodia [@bib9] stimulated the development of new antidotes against malaria.Fig. 1Some of the market available antimalarial drugs.

In 1994, ferroquine \[FQ, (SSR97193)\] was designed by Biot and co-workers at the University of Lille. Later on, it was successfully synthesized by incorporating a ferrocene unit into the basic skeleton of CQ ([Fig. 2](#fig2){ref-type="fig"} ) [@bib10]. FQ was found to be remarkably effective against CQ-resistant *P. falciparum* [@bib11] with no observable immunotoxic effects in naıve and infected young rats [@bib12]. It acts on haematin and causes the inhibition of hemozoin formation [@bib13]. The interesting antimalarial properties of FQ stimulated the extensive development of its analogues with the hope of increased efficacy, lower side effects and the ability to overcome resistance by malarial parasites. Presently, several classes of FQ derivatives and analogues have been prepared and tested for antimalarial properties, and interesting results have been obtained in several instances.Fig. 2Schematic representation of the synthesis of ferroquine by Biot and co-workers.

2. Review background {#sec2}
====================

Literature updates indicate an increasing interest in the development of antimalarial drugs from the last couple of decades. A through and exhaustive search of literature through SciFinder and PubMed showed that FQ and its derivatives are being extensively investigated as antimalarial agents. More than hundred research papers have appeared on antimalarial properties of FQ and its derivatives with interesting results. An analysis of the number of publications on "FQ and its derivatives as antimalarial agents" from 2000 to 15 indicated a steadily growing interest in the research on this topic. The period from 2000 to 15 was divided into three intervals *viz.* 2001--04, 2005--09 and 2010--15, and a graph was plotted as shown in [Fig. 3](#fig3){ref-type="fig"} . It is clear from this figure that the number of research reports has increased considerably from 10 during 2000--04 through 23 during 2005--09 to 37 during 2010--15. A further look into the literature indicated that some review papers have appeared on FQ as an antimalarial agent [@bib11], [@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20]. Besides, a book chapter by Biot et al. [@bib21] has appeared on antimalarial properties of FQ. However, no relevant review has appeared on this topic after 2011. Therefore, an updated review on the recent advances in this field is largely missing. Thus, it was thought worthwhile to address all the recent advances in the development of FQ and its derivatives as antimalarials of clinical interest. The present review highlights the epidemiology of malaria as a global concern, and the need for the development of better FQ derivatives. Besides, chemical and biological features of FQ have been discussed. In addition, mechanism of action of FQ against malarial parasites has been described. A careful observation into pharmacologically significant FQ derivatives with better or equal therapeutic effects to that of CQ and FQ has been presented. In addition, issues of the toxicity of ferroquine derivatives have been outlined. Finally, current challenges and future perspectives of FQ-based antimalarial drug development have been discussed. This review is an updated reference material that will be of significant help to the researchers in antimalarial drug development.Fig. 3A graphic representation of the increasing interest in the research on ferroquine and its derivatives as antimalarial agents from 2000--04 through 2005--09 to 2010--15.

3. Malaria: a clinical overview {#sec3}
===============================

Most often, malaria is characterized by symptoms of fever. The clinical appearances of malaria are attributed to erythrocytic phase of the parasitic development [@bib22]. The initial malarial symptoms following prepatent period constitute the primary attack. As the disease progresses, there is relapse of symptoms at regular intervals of 48--72 h, which are called short term relapses. Besides, long term relapses after 20--60 days or more have also been reported. The malarial infections by *P. vivax* and *P. ovale* involve relapses due to reactivation of hypnozoites in liver. In *falciparum* and *malariae* infections, relapses are referred to as recrudescences. The recrudescences are thought to be due to persistent blood infections. During prepatent period, the infected individuals may not have any characteristic symptoms. At the end of erythrocytic schizogony phase, RBCs are ruptured by mature schizonts releasing merozoites into blood, and thus infecting more RBCs. The growing parasite gradually consumes and degrades intracellular proteins, more specifically haemoglobin, which results in malarial pigment formation and haemolysis of the infected RBCs. The transport properties of RBC membranes are altered, and they become more spherical and less deformable. The ruptured RBCs release several factors and toxins (red cell membrane lipid, glycosyl phosphatidyl inositol anchor of a parasite membrane protein), which directly initiate the release of cytokines such as tumour necrosis factor (TNF) and interleukin-1 from macrophages, leading to chills and high-grade fever. This occurs once in 48/72 h, corresponding to the erythrocytic cycle [@bib23]. In *P. falciparum* malaria, infected RBCs develop sticky protrusions on cell membranes, which help them in adhesion and clumping. Besides, the RBCs may also stick to the walls of minute capillaries, venules and arterioles and block blood flow. These processes may lead to damage of vital organs including kidneys, brain, liver, lungs and gastrointestinal tract. The most serious complication of *falciparum* malaria is the cerebral malaria, wherein the blockage of the cerebral microcirculation by the parasitized RBCs seems as the basic underlying defect. However, there is no complete obstruction to blood flow as the survivors do not have any permanent neurological deficit. The *P. vivax* and *P. ovale* infections are generally benign with rare complications of significant morbidity and mortality. Some of the sporozoites of *P. vivax* and *P. ovale* hibernate in liver, and the hibernating hypnozoites reactivate leading to relapses of the clinical illness once in 2--3 months.

4. Epidemiology of malaria {#sec4}
==========================

Malaria is a global epidemic disease, which has been known in China, Mesopotamia and Egypt since 2700, 2000 and 1570 BC, respectively [@bib24]. The prominence of malarial infections grew due to advancements in agriculture and migration of human populations to colonize new lands [@bib25]. Presently, malaria is one of the major causes of human miseries due to increasing morbidity and mortality, and halt of intellectual and economic growth [@bib26]. Malaria affects approximately 225 million people annually with 780,000 deaths, and most of these deaths occur in children below 5 years age [@bib27]. Malarial epidemiology reports of 2009, indicated approximately 243 million malarial cases and more than 800,000 deaths, which makes malaria as one of the most important human diseases of parasitic origin. Out of the five *Plasmodium* species that infect human beings, *P. falciparum* is the most severe cause of deaths [@bib28]. Approximately, 1.2 billion people are at high risk out of 3.4 billion people; who get exposure to the malarial infections every year, globally. World Health Organization (WHO) indicated more than 207 million people with symptomatic malaria in addition to 627,000 deaths in 2012 [@bib29]. Most of the deaths occurred in children in Africa, with one child dying every minute [@bib30]. Overall, malaria is an endemic disease that affects all the populations of the world.

5. Emergence of ferroquine: an exciting ferrocene conjugate {#sec5}
===========================================================

The strategic incorporation of ferrocenyl moieties into the structures of well-known antimalarial agents was first tried during the mid-1990s, and still yet these structural designs and their investigations are continuing. It was very much surprising to obtain disappointing results with the ferrocenyl incorporated mefloquine, quinine [@bib31], artemisinin [@bib32], [@bib33] and atovaquone [@bib34]. The antimalarial activities of these newly grafted molecules were either inferior or equal to the parent drug molecules. This failure of the ferrocenyl derivatives of mefloquine and quinine was attributed to their instability in acidic conditions [@bib15].

In the late end of the 20th century, ferrocenyl compounds of fluoroquinolones were obtained *via* esterification of the carboxylic group of ciprofloxacin along with the addition of a ferrocenyl moiety [@bib35]. The compounds produced by this approach were considerably more active than ciprofloxacin. Esterification was assumed to enhance activity along with the complementary efficacy enhancement due to the insertion of the ferrocene core. It was the derivatization of CQ that finally gave birth to potentially effective antimalarial agents. Several grafting experiments indicated that the simple addition product of basic CQ and ferrocene carboxylic acid formed *via* a salt bridge displayed poor antimalarial activity probably due to the antagonism between the two compounds [@bib36]. In addition, condensation of ferrocene at C-3 ([Fig. 4](#fig4){ref-type="fig"} ) or on the endocyclic nitrogen also decreased activity with respect to CQ [@bib37]. The monoferrocenyl derivatives wherein the ferrocenyl group was linked to the terminal nitrogen along with a modulation in the lateral chain size also could not resulted in activity enhancement as compared to CQ [@bib38]. Besides, these molecules demonstrated a high risk of cross-resistance with CQ. Particularly, inconsistent results were obtained with diferrocenyl conjugates probably because of their instability under the experimental conditions [@bib38]. Surprisingly, it was ferrocene\'s insertion into the lateral chain of CQ that resulted in the formation of compounds with high activity against both CQ-susceptible and CQ-resistant strains of *P*. *falciparum*. The activity was independent of the substitution of the terminal nitrogen [@bib10], [@bib38], [@bib39], [@bib40]. One of the main determinants of the antimalarial activity of these compounds towards CQ-resistant parasites was the position of the ferrocene moiety within the lateral chain. FQ was the most active compound out of this class [@bib41]. Additional studies were carried out to find out a molecule with better activity and a more reasonable cost for industrial production. However, the efforts failed to find out a possible competitor for FQ [@bib38]. Further *in vitro* and *in vivo* experiments explored FQ as a potential antimalarial agent, which led to its entry into preclinical phase I development at Sanofi-Aventis [@bib42]. However, in response to the WHO\'s regulations for reducing the emergence of parasitic resistance, FQ was used in combination therapy with artesunate. Subsequent development of FQ continued with its entry into clinical phase II studies in adult humans in late 2007 [@bib43].Fig. 4Energy minimized model of CQ created through MOPAC programme of Chem 3D Ultra. The encircled atoms indicate the target sites which were chemically modified to obtain new derivatives.

5.1. Chemical biological features {#sec5.1}
---------------------------------

FQ is known as the first organometallic drug in which a ferrocenyl group is covalently skirted by a 4-aminoquinoline and a basic alkylamine \[[Fig. 5](#fig5){ref-type="fig"} (a)\]. It bears planar chirality due to the presence of 1,2-unsymmetrically substituted ferrocene moiety \[[Fig. 5](#fig5){ref-type="fig"}(b)\]. For biological experiments, FQ is often used as a racemic mixture. There were no dramatic differences in the activities of the pure enantiomers of FQ on human or rodent parasites. Almost equal cytotoxicity has been observed for the two enantiomers. These facts have allowed the development of the racemic mixture of FQ as an antimalarial drug [@bib44].Fig. 5Chemistry of ferroquine; (**a**): Chemical structure of ferroquine indicating the ferrocene, basic alkylamine and the 4-aminoquinoline moieties, (**b**): R- and S-enantiomers of ferroquine.

A strong intramolecular hydrogen bond of length 2.17 Å between the amine N(11) and the amine N(24) ([Fig. 6](#fig6){ref-type="fig"} ) has been documented to stabilize the structure of neutral FQ in solid-state [@bib13] and solutions of organic solvents such as chloroform [@bib45]. In comparison to the more flexible lateral side chain of CQ, the intramolecular hydrogen bond is stronger in FQ. Several studies have been carried out to demonstrate the effect of this intramolecular hydrogen bond on the antimalarial activity of FQ. Biot et al. [@bib46] replaced the hydrogen atom on the aniline N(11) of FQ by a methyl group to produce FQ-Me. It was observed that FQ-Me exhibited similar physico-chemical properties as that of FQ, and also demonstrated ability to inhibit β-haematin formation. However, FQ-Me was significantly less active against CQ-susceptible and CQ-resistant strains. Thus, the hydrogen bonding interaction in the lateral side chain of FQ was suggested as contributing to its antimalarial activity. This interaction helps to maintain a particular geometric identity of the molecule. It was further proposed that the part of the molecule modified by isosterism (by the insertion of the ferrocenyl moiety instead of the alkyl chain) did not interact with the receptor. However, it properly orients the other functionalities of the molecule. Besides, the ferrocenic moiety tangles with lipidic structures and enables the drug to drip the transport system involved in resistance. It further helps in concentrating the drug at the proper site for the inhibition of hemozoin formation.Fig. 6Depiction of a 2.17 Å long hydrogen bond between hydrogen of N(11) and N(24) in FQ.

FQ shares several properties with the parent antimalarial, CQ. CQ acts by accumulating in the digestive vacuoles of parasite and consequently prevents the crystallization of toxic heme into hemozoin. This results in membrane damage and the death of parasite [@bib47], [@bib48]. CQ complexes with haematin in solution, and inhibits β-haematin formation. Similar to CQ, FQ by nature is a weak base with ability to accumulate in the digestive vacuoles of parasite. However, the pKa of FQ is lower as compared to CQ, and therefore, it might be affecting this property CQ [@bib13]. Interestingly, FQ also forms complexes with haematin in addition to the inhibition of haematin crystallization into β-haematin (IC~50~ 0.8 versus 1.9 for CQ) [@bib13], [@bib17]. Moreover, FQ has been reported to produce significant amounts of hydroxyl radicals, in the digestive vacuoles of malarial parasites (acidic pH and presence of H~2~O~2~). The hydroxy free radicals are known to damage the parasite [@bib45].

5.2. Ferroquine as an antimalarial agent {#sec5.2}
----------------------------------------

Rational drug development based on the molecular structure of chloroquine fostered the development of several ferrocene based molecules. However, among all the ferrocenyl chloroquine derivatives, FQ was the most active derivative in both *in vitro* and *in vivo* investigations. It was from the early days of its development considered as a lead compound. One of the most interesting properties of FQ is its ability to overcome the CQ-resistance problem. This property is enough for controlling *P. falciparum*, which is the principal causative agent of malaria. FQ has been tested *in vitro* on 16 different laboratory *P. falciparum* strains [@bib40], [@bib39], [@bib46], [@bib49] and eight sets of field isolates (total 441) collected from Gabon, Senegal, Cambodia and Thailand. In several tests on field isolates from different geographic regions of the world, a minor cross response with CQ was observed. However, the observed cross response was weak and thought as not having a clinical importance for a cross-resistance between the drugs. Moreover, there were no correlations between CQ and FQ responses on using standardized initial parasitaemia during the assays [@bib50], [@bib51], [@bib52], [@bib53], [@bib54], [@bib55]. In the i*n vivo* investigations against *Plasmodium vinckei*, no antagonistic effects were observed between FQ and artesunate, and the survival time of the infected mice was increased on treatment with the combination of these two drugs [@bib56]. Long et al. performed *in vivo* investigations on different murine *Plasmodium* species and observed that the curative dose of FQ (10 mg/kg/d for 4 days) was same irrespective of the susceptibility of the strains to CQ and the administration strategy, which demonstrated a good availability and the powerful activity of the drug. The studies of the effects on naive animal responses and *Plasmodium* infected hosts indicated two advantages of FQ over CQ. The first one was the rapid efficacy against blood parasites and the decrease of CD4+CD25+ T-cells, which are involved in the expression of susceptibility to experimental malaria infection [@bib57]. Thus, a decrease in the number of these cells would be very helpful for the expression of protective immunity. The second advantage was the potential to maintain the proliferation ability of spleen cells in reply to different mitogens [@bib12]. Thus, on account of the absence of any noticeable immuno-toxicity in rats along with *in vitro* efficacy against CQ-resistant strains, FQ was suggested as an effective alternative treatment for *P. falciparum*. Interestingly, the results in both *in vitro* tests on field isolates and *in vivo* investigations on rodent models revealed that the potential resistance to FQ was not dependent on a gene polymorphism that is involved in CQ resistance. This was basically observed in Cambodian isolates [@bib54], [@bib55], and further extended to fifteen *P. falciparum* laboratory strains, with four genes currently involved in drug resistance (pfcrt, pfmdr1, pfmrp, pfhne1) [@bib58]. Additionally, pressure experiments were conducted to obtain FQ-resistant *P. falciparum* or rodent malaria parasites [@bib15], [@bib59], and it was found that fit-cost of FQ resistance was extremely high. The persisting parasites exhibited a reduced vitality, and the resistance that was observed in rodent malarial parasites was not genetically integrated [@bib15].

5.3. Mechanism of action of ferroquine {#sec5.3}
--------------------------------------

It is a well-known fact that the basicity and lipophilicity of FQ are considerably different from CQ [@bib13]. However, the lipophilicity of FQ approaches to that of CQ (log *D* = −0.77 and −1.2, respectively) when the former is protonated at the food vacuole pH of 5.2. Marked differences in lipophilicity can be observed at pH 7.4 (log *D* = 2.95 and 0.85 for FQ and CQ, respectively). Additionally, FQ has lower p*K*a values (p*K*a1 = 8.19 and p*K*a2 = 6.99) than CQ (p*K*a1 = 10.03 and p*K*a2 = 7.94, respectively). The differential p*K*a values determine the relative concentrations of the micro species at vacuolar pH such that the neutral and monoprotonated FQ micro species are 10-folds more concentrated at vacuolar pH than those of CQ. These micro species are known to interact with haematin and enable its conversion into hemozoin [@bib60]. Some reports indicated that FQ is 100-folds more lipophilic than CQ at cytosolic pH. At around pH 5, FQ concentrates 50-folds more than CQ [@bib46]. In accordance with the pH affected behaviour of FQ, it was hypothesized that FQ might target the lipid site of hemozoin formation more proficiently [@bib61].

The molecular structure of FQ contains a strong intramolecular hydrogen bond between the anilino N(11) and the tertiary amino N(24) groups ([Fig. 6](#fig6){ref-type="fig"}). Results from several NMR experiments have shown that the structure of FQ in solutions (with low dielectric constants such as the lipid environment) is the same as in the solid phase [@bib60]. The role of hydrogen bond on the antimalarial activity of FQ remained a subject of debate for some time. The flip/flop hydrogen bond between the open conformation of charged FQ and the folded conformation of the uncharged FQ should facilitate its transport from water to the hydrophobic membranes. To further justify the importance of hydrogen bond in the molecular structure of FQ, Bio et al. [@bib46] documented that an FQ analogue with a methyl group in place of a hydrogen atom on the anilino N(11) had reduced antimalarial activities against both susceptible and resistant strains of CQ; despite having almost unaffected physicochemical properties to that of FQ. FQ is known to assume a notable conformation wherein the side chain stands in planarity with the quinoline ring, and the bulky ferrocenyl moiety is projected outside. In the molecular structure of FQ, the flexibility of the side chain is reduced due to rigid ferrocene core which leads to a thermodynamic increase in entropy. The increased entropy of FQ has been assumed as one of the main reasons for clustering in the lipids of the membranes [@bib62]. FQ enables favourable interaction owing to the hydrophobic collapse with the lipid structures of the membranes, and the quinoline ring is exposed to water. Similar to CQ, FQ ensures complex formation with haematin in aqueous solutions (log *K* = 4.95 ± 0.05) in addition to strongly inhibiting β-haematin formation than CQ. Another reason for the high antimalarial activity of FQ in comparison to organic drugs might be the preferential localization of FQ at the lipid--water interface. FQ might help in the prevention of the conversion of haematin into hemozoin by the maintenance of toxic haematin in the aqueous environment, which further justifies the steady activity of FQ despite the resistance level of the strains.

Under the oxidizing conditions of the digestive vacuole of malarial parasites, FQ undergoes a reversible one-electron redox reaction [@bib45] that results into the formation of the ferriquinium salt along with the generation of hydroxyl radicals as shown below.

This free radical generation in the micromolar range does not affect the stability of FQ. Moreover, the clustering of FQ close to the membrane of digestive vacuole causes the generation of ROS and lipid peroxidation. Both the mechanisms *viz.* inhibition of hemozoin formation and ROS generation eventually lead to death of the malarial parasites.

Researchers are continuously making efforts to further explore the mechanism of FQ as an antimalarial agent against different malarial parasitic strains both *in vitro* and *in vivo*. Recently, Dubar et al. [@bib63] documented subcellular mapping of the generation of HO° in *P. falciparum* RBCs treated with FQ by using a ratiometric fluorescent probe. The oxidative damage was found to be consistent with the damage of the membrane of digestive vacuole leading to death of the parasites. Metallocenic moiety was proved as an important contributor to the overall mechanism of action of FQ. Besides, FQ was supposed to play a crucial role in the inhibition of merozoites reinvasion. Other studies by the same research group [@bib64] related the breakdown of the parasite digestive vacuole membrane to FQ\'s ability of the generation of hydroxyl radicals.

6. Ferroquine derivatives as antimalarial agents {#sec6}
================================================

There was a huge interest in the development of antimalarial drugs based on FQ template after the initial success of FQ as an antimalarial agent. Several classes of structurally diverse molecules have been designed and developed in a hope to ensure resistance free death of malarial parasites. Some of the important classes of FQ derivatives are discussed in the following sub-sections.

6.1. Hydroxyferroquine derivatives {#sec6.1}
----------------------------------

After the revelation of the strong antimalarial effects of FQ on CQ-resistant clones and field isolates, the design and development of hydroxyferroquine derivatives was thought to evolve new molecules with potential activity against *P. falciparum* and other strains. Biot et al. [@bib40] synthesized three FQ derivatives ([Fig. 7](#fig7){ref-type="fig"} ; **1**--**3**), which closely mimicked hydroxychloroquine. Although the compounds **1**--**3** were less active than FQ, they displayed the inhibition of *in vitro* growth of *P. falciparum* quite higher than CQ. The IC~50~ values of **1**--**3** against 3D7 and W2 strains of *P. falciparum* in comparison to CQ and FQ are given in [Table 1](#tbl1){ref-type="table"} . Interestingly, these compounds also exhibited antiviral effects with selectivity towards severe acute respiratory syndrome coronavirus (SARS-CoV infection). From the results in this research report, it may be suggested that these compounds are interesting alternatives to FQ in antimalarial therapy, and would be highly beneficent in geographical regions where malaria and viral infections co-exist.Fig. 7Chemical structures of the hydroxyferroquine derivatives (**1**--**3**).Table 1*In vitro* activities of **1**--**3** and **4**--**7** against *P. falciparum* strains (3D7 and W2) and (FcB1 and FcM2), respectively with respect to CQ and FQ. The IC~50~ values in ![](fx2_lrg.gif) indicate compounds with better activities than CQ.

6.2. Trioxaferroquines {#sec6.2}
----------------------

Trioxaquines are a class of hybrid molecules with dual modes of action. This class of compounds contains two covalently linked pharmacophores *viz.* a 1,2,4-trioxane and a 4-aminoquinoline. Such hybrid molecules are thought as possible alternatives to the recently growing resistance to artemisinin [@bib65], [@bib66]. Interestingly, the first generation trioxaquines were highly active against CQ-resistant strains of *P. falciparum* [@bib67], [@bib68]. Due to the success of hybrid molecules, their fame for the treatment of malaria or other neglected tropical diseases is becoming widespread [@bib69], [@bib70]. FQ may also be seen as a hybrid molecule wherein a ferrocenyl moiety has been inserted within the side chain of CQ [@bib10], [@bib17], [@bib36]. Bellot et al. [@bib71] reported a series of trioxaferroquines ([Fig. 8](#fig8){ref-type="fig"} ; **4**--**7**) as potential antimalarial agents against two CQ-resistant strains, FcB1 and FcM29 ([Table 1](#tbl1){ref-type="table"}). Chemically, the reported trioxaferroquines are hybrid molecules with 1,2,4-trioxane moieties covalently linked to FQ. Trioxaferroquines **4**--**7** displayed IC~50~ values in the range 16--43 nM. It may be realized that the covalent linking of quinoline and trioxaferrocene *via* ferrocene has significantly boosted the activities of both the fragments despite the inactivity of CQ towards these strains ([Table 1](#tbl1){ref-type="table"}). Also, the essentiality of the 4-aminoquinoline moiety of trioxaferroquines for their antimalarial activities in the case of CQ-resistant strains was highlighted. Compound **4** was the best trioxaferroquine (IC~50~ = 20 and 17 nM against FcB1 and FcM29, respectively). Thus, it was further investigated *in vivo* in *P. vinckei petteri* (2 × 10^7^ parasitized erythrocytes) infected mice. The untreated mice had a survival time of 8 days. On a four day period, the mice were daily given oral dosages at 10 mg/kg/d and 25 mg/kg/d. The results indicated that parasitaemia was below detectable levels on day four even for mice treated at 10 mg/kg/day, which indicated a prompt clearance of the parasites. 0/5 and 2/5 were the numbers of mice treated at 30 days time period for treatments at 10 and 25 mg/kg/d, respectively. The mean survival time of mice treated at 25 mg/kg/d was ca. 18 days, with recurrence between 17 and 21 days. Therefore, the trioxaferroquines have high activity and are quite able to clear parasitaemia below detectable levels in mice treated at 10 mg/kg. However, it\'s quite important to note that a curative effect with no recurrence was not achieved at doses below 25 mg/kg.Fig. 8Chemical structures of trioxaferroquines (**4**--**7**). The 1,2,4-trioxane moieties are covalently linked to ferroquine.

A critical evaluation of this report indicates that trioxaferroquines are a novel class of antiparasitic agents with profound *in vivo* and *in vitro* efficacy. However, there is need to lower the dosage below which a complete cure can be obtained. For that purpose, new molecules based on these templates are in need to be developed and investigated in future.

6.3. Chloroquine-bridged ferrocenophane derivatives {#sec6.3}
---------------------------------------------------

Salas et al. [@bib72] documented five disubstituted ferrocene CQ derivatives wherein the terminal nitrogen atoms of the CQ derivatives bridged the two cyclopentadienyl rings of ferrocene ([Fig. 9](#fig9){ref-type="fig"} : **18**--**22**). The derivatives were compared to the corresponding monosubstituted ferrocene CQ analogues ([Fig. 9](#fig9){ref-type="fig"}: **13**--**17**) and the corresponding organic fragments ([Fig. 9](#fig9){ref-type="fig"}: **8**--**12**). All compounds were active against different strains of *P. falciparum* including CQ-sensitive D10, CQ-resistant Dd2 and CQ-resistant K1 ([Table 2](#tbl2){ref-type="table"} ). It was observed that the bridged disubstituted ferrocenyl compounds **18**--**22** overcame resistance and were more active against the resistant strains (except compound **22**) as compared to the sensitive ones. The branching of the methylene spacer had a profound effect on the activity as the derivatives lost activity with increase in branching. Besides, the presence of an intramolecular H-bond was not determinant for antiplasmodial activity. All the compounds were found to associate with haematin, however, this association was not an important force for the *in vitro* activity. The balance between lipophilicity and hydrophilicity of the compounds determined their activities. Addition of ferrocenyl unit largely increased the lipophilicity, which in past that has been related to improved transport of the drugs through membranes [@bib13]. The calculated partition coefficient (log P) values between 4.5--5.0 and topological polar surfaces area (tPSA) of ∼26.0 Å^2^ gave the best balance to the compounds. The compact size, conformation, and the balance between lipophilicity and hydrophilicity in the bridged derivatives enabled them to escape the mechanisms of resistance by the pathogens. Thus, it may be supposed that the compounds **18**--**22** would benefit due to their slightly more hydrophilic nature and electronegative area available in addition to having an intramolecular hydrogen-bonding interaction that could allow the flip-flop mechanism. This flip-flop mechanism has been assumed to aid in the accumulation of FQ in crossing membranes.Fig. 9Chemical structures of the disubstituted ferrocene CQ derivatives **18**--**22** (the terminal nitrogen atoms of the CQ derivatives bridged the two cyclopentadienyl rings of ferrocene), **13**--**17** (monosubstituted ferrocene CQ analogues) and **8**--**12** (the corresponding organic fragments).Table 2*In vitro* antiplasmodial activities of **8**--**22** against CQ-sensitive *P. falciparum* strain (D10) and CQ-resistant strains (Dd2 and K1), respectively. The IC~50~ values have been taken in reference to the values of CQ and FQ. The IC~50~ values in ![](fx4_lrg.gif) and ![](fx2_lrg.gif) indicate compounds with activities higher than FQ and CQ, respectively. On the other hand, the values in ![](fx5_lrg.gif) indicate compounds with activities higher than both CQ and FQ.

The analysis of the parameters that determine antiplasmodial activity in combination with the *in silico* calculations of these compounds may help in the design of more FQ analogues with adjusted lipophilicity/hydrophilicity and intramolecular hydrogen bonding. This might result in the development of more potent analogues than FQ.

6.4. Thiosemicarbazone derivatives {#sec6.4}
----------------------------------

Thiosemicarbazones (TSCs) have exhibited potent antimalarial activities in the past [@bib73]. The mechanism of the antimalarial activities of TSCs has been attributed to their reactive oxygen radicals production due to intrinsic metal (*e.g.* iron) coordinating properties [@bib74]. Despite of disappointing activities of TSCs in *Plasmodium berghei* infected mice [@bib75], there has been a renewed interest in TSCs. Several new lead compounds have been developed that kill certain protozoal parasites by the inhibition of cysteine proteases in addition to other novel targets [@bib76], [@bib77]. Biot et al. [@bib78] reported the antimalarial activities of chimeras of TSCs and FQ ([Fig. 10](#fig10){ref-type="fig"} ; **23**--**32**) against 3D7, W2, FCR3 and BreI strains with origins from Africa, Indochina, Gambia and Brazil, respectively. The contributions of each molecular fragment including the ferrocenic derivatives **23**, **24** and **28**, **29** (without the 4-aminoquinoline moiety) and the organic compounds **26** & **27** and **31** & **32** were analysed. It was observed that the compounds **24**--**27** and **28**--**32** showed higher activity than the ferrocenyl TSCs **23** and **28**, and demonstrated IC~50~ values in the low micromolar range ([Table 3](#tbl3){ref-type="table"} ). Interestingly, the incorporation of the amino side chains in compounds **24** and **29** with respect to the compounds **23** and **28** led to a slight increase in the antimalarial activity. This indicated the incorporation of the basic amino group added potency by facilitating transport into the acidic food vacuole of the parasite. However, their low inhibitions against falcipain-2 suggested that some other inhibitory mechanisms may also be involved [@bib79]. In accordance with the expectations; the chimeras of TSCs and FQ analogues **25** and **30** showed the best activity against the different strains of *P. falciparum*. Besides, the rigid metallocenic compounds **25** and **30**, which were derived from FQ displayed better falcipain-2 inhibition as compared to the corresponding flexible alkyl analogues **26**, **27**, **31** and **32**. It was interesting to note that only compound **26** showed the typical food vacuole abnormality associated with inhibitors of falcipain-2. All these investigations indicated that there may be two different modes of action; one targeting falcipain-2 and another acting independently. However, it was speculated that these compounds preferentially accumulate in the food vacuole, and therefore, showed better parasite than enzyme inhibition.Fig. 10Chemical structures of the chimeras of thiosemicarbazones and FQ (**23**--**32**).Table 3*In vitro* activities of **23**--**32** against *P. falciparum* strains (3D7, W2, FCR3 and BreI) with respect to CQ and FQ. Activities of **23**--**32** are in μM units whereas those of CQ and FQ are in nM units.CompoundsPlasmodium strains (IC~50~ values)3D7W2FCR3BReI**23**30.2 ± 6.195.8 ± 20.474.0 ± 15.446.0 ± 14.4**24**33.0 ± 6.428.3 ± 9.931.2 ± 5.834.0 ± 8.1**25**0.2 ± 0.10.8 ± 0.20.2 ± 0.11.0 ± 0.4**26**0.3 ± 0.20.3 ± 0.10.6 ± 0.10.3 ± 0.1**27**0.1 ± 0.00.2 ± 0.10.8 ± 0.20.6 ± 0.2**28**64.2 ± 12.868.2 ± 10.630.2 ± 5.633.0 ± 8.5**29**20.7 ± 6.321.8 ± 7.922.2 ± 5.917.0 ± 3.5**30**0.2 ± 0.10.2 ± 0.10.8 ± 0.20.8 ± 0.2**31**0.3 ± 0.10.3 ± 0.10.5 ± 0.10.4 ± 0.1**32**0.6 ± 0.12.0 ± 0.40.5 ± 0.20.7 ± 0.1**CQ**23.9 ± 4.6540.0 ± 87.5645.0 ± 63.1396.2 ± 54.2**FQ**3.5 ± 0.57.1 ± 1.81.8 ± 0.33.0 ± 1.0

6.5. Ferrocene dual conjugates {#sec6.5}
------------------------------

Drug combination therapies have brought improvement in the treatment of malaria [@bib80]. A careful antimalarial drug combination can cause delay in the selection of resistant mutants [@bib81], [@bib82]. However, there can be some complications with the simple drug combination therapies owing to the different pharmacokinetics of the combined drugs. Thus, the binding of active pharmacophores *via* covalent linkers seems a good alternative strategy. The binding of two active molecular fragments increases the bioavailability of the dual molecule produced and enables the merging of active molecules with independent modes of action that prevents the emergence of resistance [@bib83]. Dual prodrug strategies have been previously explored for the treatment of malaria [@bib84], [@bib85], [@bib86], [@bib87], [@bib88], [@bib89], [@bib90], [@bib91], [@bib92]. The linking of two active components targeting the thiol network and the heme detoxification pathway of malarial parasites provided both *in vitro* and *in vivo* proof of concept at the molecular level [@bib84]. The covalent linker is known to play crucial roles as the cleavage of the linkage needs to occur under the specific conditions in the target cells.

Biot et al. [@bib38] documented the antimalarial activity of two series of 4-aminoquinolines ([Fig. 11](#fig11){ref-type="fig"} ; **A** and **B**) against HB3, Dd2 and W2. The reported compounds were structurally related to FQ. Overall, antimalarial screening, physicochemical parameters (partition coefficients) and the β-haematin inhibition properties indicated that the ferrocene moiety has to be covalently flanked by a 4-aminoquinoline and an alkylamine. Regardless of the lower antimalarial activity of the drug conjugates in comparison to FQ, unique modes of action of FQ and ferrocenyl analogues were observed. Chavain and co-workers [@bib93] reported two series of ferrocenic antimalarial dual molecules wherein FQ analogue was conjugated with a glutathione reductase inhibitor *via* a cleavable amide bond ([Fig. 12](#fig12){ref-type="fig"} ; **A** and **B**); for targeting two important pathways in malarial parasites (NF54 and K1 clones of *P. falciparum*). The dual molecules based on FQ analogues (**64**--**69**) were the most active *in vitro* against NF54 and K1 clones of *P. falciparum* with IC~50~ values in the nanomolar range (42.6--104.2 nM and 26.7--58.8 nM, respectively). However, they were slightly less active than the parent FQ analogues **58**--**63**, which was assumed to be due to the cleavage and oxidative metabolism of the amide bond and the side chain of the FQ derivatives within the digestive vacuole.Fig. 11Chemical structures of the two series (**A** and **B**) of 4-aminoquinolines.Fig. 12Chemical structures of ferrocenic antimalarial dual molecules.

A critical analysis of these research reports indicated failure in achieving higher antimalarial activity of the dual conjugates; but satisfying evidences of unique mechanisms of action for FQ and ferrocenyl analogues were obtained.

6.6. 4-N-substituted analogues {#sec6.6}
------------------------------

Development of new and more potent FQ derivatives/analogues has been a continuing goal of researchers after the exploration of the antimalarial properties of FQ. Moreover, the thirst for the development of new derivatives is also important in that the effects of different functional groups and other chemical moieties can be worked for developing a rationale into FQ-based antimalarial drug development. Biot et al. [@bib46] developed FQ derivatives ([Fig. 13](#fig13){ref-type="fig"} : **88**--**92**) by chemical transformations at the nitrogen atom placed at the 4-position of the quinoline ring to study the influence of their basic and lipophilic features on their antimalarial activities and inhibition of β-haematin formation. All the derivatives were screened against twelve strains of *P. falciparum* including 3D7, D6, 8425, Voll, L1, PA, Bres, FCR3, W2, K2, K14 and FCM29. The compounds **88**--**92** were more active than CQ against several CQ-resistant strains ([Table 4](#tbl4){ref-type="table"} ). The developed compounds also showed better lipophilicity than both FQ and CQ at cytosolic and vacuolar pH indicating no simple relationship between activity, drug accumulation and inhibition of β-haematin formation. The increase in lipophilicity of the FQ derivatives was attributed to the increase in length of the side chain. Overall, the results were indicative of the fact that ferrocene moiety needs to be covalently flanked by a 4-aminoquinoline and an alkylamine in the molecular structures of the derivatives. Thus, antimalarial activity was suggested on account of the subtle combination of membrane penetration, localization (heme-targeting) and inhibition of hemozoin formation properties.Fig. 13Chemical structures of 4-N-substituted FQ derivatives.Table 4*In vitro* activities (IC~50~ values in nM) of **88**--**92** against the different strains of *P. falciparum*. The IC~50~ values in ![](fx2_lrg.gif) indicate compounds with activities higher than CQ.

6.7. Miscellaneous derivatives {#sec6.7}
------------------------------

Several efforts have been made to establish the role of ferrocenyl moiety in the antiplasmodial activity of FQ. In this direction, Blackie and co-workers [@bib94] reported some structural analogues of FQ wherein the ferrocenyl moiety was replaced by the corresponding ruthenium-based moiety ([Fig. 14](#fig14){ref-type="fig"} : **Ruthenoquine**, **93** and **94**). Besides, some FQ analogues with different aromatic substituents ([Fig. 14](#fig14){ref-type="fig"}: **95**--**101**) were also reported. It was interesting to observe that the ruthenoquine and its analogues demonstrated comparable potency to FQ ([Table 5](#tbl5){ref-type="table"} ) against both the sensitive (D10) and resistant (K1) strains of *P. falciparum*; suggesting that the ferrocenyl fragment simply served as a hydrophobic spacer group.Fig. 14Chemical structures of some structural analogues of FQ wherein the ferrocenyl moiety was replaced by the corresponding ruthenium-based moiety (**Ruthenoquine**, **93** and **94**). Chemical structures of some FQ analogues with different aromatic substituents (**95**--**101**) are also presented.Table 5A comparison of the *in vitro* antiplasmodial activities of ruthenoquine and its analogues with some FQ analogues against CQ-sensitive (D10 and 3D7) and chloroquine-resistant (K1) strains of *P. falciparum*. The IC~50~ values in ![](fx4_lrg.gif) indicate compounds with activities higher than FQ.

Organosilicon moieties are being incorporated into drug molecules in order to increase their lipophilicity and biological activity in addition to reducing toxicity for the enhancement of drug therapeutic values [@bib95], [@bib96], [@bib97], [@bib98]. Li et al. [@bib99] documented the bioavailability features and *in vitro* antiplasmodial activities of a carbosilane congener of FQ and its heterometallic complexes ([Fig. 15](#fig15){ref-type="fig"} : **102**--**107**) against the chloroquine-sensitive (NF54) and chloroquine-resistant (Dd2) strains of *P. falciparum*. The silicon-containing congener was prepared by the incorporation of an organosilicon motif in the lateral side chain of FQ. The bioavailability studies indicated moderate solubility for all the compounds in PBS (phosphate buffered saline) buffer at physiological pH and room temperature. Compounds **105** and **106** were the least soluble (turbidimetric solubility = 1--5 μM). The compound **104** (turbidimetric solubility = 20--40 μM) had the best solubility properties. The bioavailability data suggested that the synthesized ferroquine derivatives were suitable for *in vitro* screening. All the compounds displayed high activity against the NF54 and Dd2 strains of *P. falciparum* ([Table 6](#tbl6){ref-type="table"} ) with IC~50~ values in the range of 4.96 ± 0.76--30.73 ± 2.70 and 34.33 ± 3.37--77.19 ± 12.46 nM, respectively. However, complex **105** was the most active compound with IC~50~ values of 4.86 and 35.91 nM, respectively against NF54 and the Dd2 strains. Additionally, the metal complexes were able to inhibit the formation of synthetic hemozoin.Fig. 15Chemical structure of the carbosilane congener of FQ (**102**) and its heterometallic complexes (**103**--**107**).Table 6*In vitro* antiplasmodial activities of **102**--**107** against NF54 and Dd2 strains of *P. falciparum*. The IC~50~ values in ![](fx4_lrg.gif) and ![](fx2_lrg.gif) indicate compounds with activities higher than FQ and CQ, respectively. On the other hand, the values in ![](fx5_lrg.gif) indicate compounds with activities higher than both CQ and FQ.

A critical analysis of this research report shows that none of the derivatives had superior antimalarial activity in comparison to FQ against Dd2. However, meaningful structure--activity relationships, beneficial effects, and any evidences of cross resistance could be defined only after the compounds reported herein are screened against other sensitive and resistant strains of the malarial parasite. These results demonstrate the benefits of the incorporation of organosilicon moieties for the activity enhancement of existing and newly developed drugs.

Heterobimetallic complexes are bifunctional agents with two or more active metal centres capable of showing interactions with biological targets [@bib100], [@bib101]. Present scenario witnesses a growing interest in the design of heterometallic complexes as agents for the treatment of different diseases [@bib102], [@bib103]. The two different biologically active metals incorporated in the same molecule usually improve activity due to different interactions of the two different metals with multiple biological targets or by the improved physicochemical properties of the resulting heterometallic complex. Blackie et al. [@bib104] in a quest to explore whether two metal centres in the same molecule lead to additive, synergistic or antagonistic effects towards antimalarial activity; reported the antimalarial properties of rhodium- and gold-based heterobimetallic complexes ([Fig. 16](#fig16){ref-type="fig"} : **107**--**116**) of FQ and its analogues against D10 (CQ-sensitive) and K1 (CQ-resistant) stains of *P. falciparum*. The authors observed that the coordination of gold or rhodium increased the efficacy of CQ particularly in the CQ-resistant K1 strain. Ferrocenyl ligands were more active than chloroquine-based gold or rhodium complexes against the resistant strains. Overall, it was observed that the complexation of the second metal brought little effect to the overall activity of the compounds. Basically, there appears an antagonistic effect on the overall efficacy by the complexation of the second metal. However, it needs to be understood that irrespective of the fact that gold and rhodium heterobimetallic complexes were unable to demonstrate additive or synergistic behaviour, the possibility of synergism with other heterobimetallic systems cannot be ruled out. Besides, these complexes can be screened against some other CQ-resistant and susceptible stains of *P. falciparum* before any strong conclusions can be derived.Fig. 16Chemical structures of rhodium- and gold-based heterobimetallic complexes (**108**--**116**) of FQ and its analogues.

7. Pharmacologically significant systems {#sec7}
========================================

The discussion in this article explored several FQ derivatives with different structural modifications possessing promising antimalarial properties. The basic purpose of rational drug design using FQ template or its analogues was to obtain new synthetic derivatives or analogues with better activity, lower toxicity and other therapeutic benefits in comparison to the standard antimalarials like CQ and FQ. Of course, several classes of FQ derivatives have demonstrated better antimalarial activities than both CQ and FQ.

Hydroxyferroquine derivatives (**1**--**3**) demonstrated better activities than CQ against W2 strain of *P*. *falciparum*. Out of these three FQ derivatives, compounds **2** and **3** displayed 4- and 6-folds higher activity than CQ. However, compound **1** was only slightly more active than CQ. The four trioxaferroquines (**4**--**7**) were several folds more active than CQ against both FcB1 and FcM2 strains of *P. falciparum*. However, all the three hydroxyferroquine derivatives (**1**--**3**) and the four trioxaferroquines (**4**--**7**) displayed lower activities than FQ. The ferrocenophane analogues of ferroquine (**11**, **12**, **13**, **15**, **16**, **18**, and **20**) were more active than CQ against CQ-resistant Dd2 strains of *P*. *falciparum*. Besides, the ferrocenophane derivatives **11**, **12**, **14**--**17**, **19** and **21** displayed higher activity than FQ against CQ-resistant K1 strains. The best compound **12** showed better activity than both CQ and FQ against CQ-sensitive D10. The 4-N-substituted analogues (**88**--**92**) were several folds more active than CQ against Voll, L1, PA, Bres, PCR3, W2, K2, K14 and FCM strains of *P*. *falciparum*. However, none of the derivatives was more active than FQ. Interestingly, the ruthenium-based analogue of FQ (ruthenoquine) was more active than FQ against CQ-resistant K1 strain of *P*. *falciparum*, and the other ruthenoquine analogue **94** was more active than FQ against CQ-sensitive D10 strain of *P*. *falciparum*. The FQ derivative **98** showed better activity than CQ against both CQ-sensitive 3D7 and CQ-resistant K1 strains whereas the derivatives **95** and **99** were more active than CQ against CQ-resistant K1 and CQ-sensitive 3D7 strains, respectively. Appreciable *in vitro* antiplasmodial activity was demonstrated by the carbosilane congener of FQ and its heterometallic complexes (**102**--**107**). The compounds **102**--**104** and **106** and **107** exhibited better activity than FQ against NF54 strain of *P*. *falciparum*. On the other hand, activity higher than CQ was displayed by **102**--**107** against Dd2 strain of *P*. *falciparum*. However, the best FQ derivative among all the congeners was **105**, which was slightly more active than CQ against NF54 strain, and approximately 10-folds more active than FQ against the same plasmodium strain.

Overall, the discussion is this section indicates a positive move towards the discovery of efficient antimalarial agents using FQ as a base compound. A bright future can be seen for the different classes of FQ derivatives and analogues with promising activities against several geographically diverse strains of *P*. *falciparum*. A keen observation of the *in vitro* antimalarial properties of the FQ derivatives indicated that several derivatives demonstrated activities better than CQ and also FQ (in some cases) against the different sensitive and resistant strains of *P*. *falciparum*. Most of the active compounds demonstrated better activities than CQ but were considerably less active than FQ. Therefore, it is easy to envisage that the development of derivatives with better activity than FQ (and also CQ) is an achievement as far as the rational drug development based on FQ is concerned. The compounds **1**--**3** with activities better than CQ against W2 strain of *P*. *falciparum* can serve as templates for future development of efficient antimalarials against W2 strain of *P*. *falciparum*. Similarly, the compounds **4**--**7** may be used for the development of potential antimalarials against FcB1 and FcM2 strains of *P. falciparum*. Future development must include the *in vivo* testing of the compounds. The compounds **11**, **12**, **13**, **15**, **16**, **18**, and **20** deserve further evaluation in *in vivo* experiments for the treatment of malarial infections due to CQ-resistant Dd2 strains of *P*. *falciparum*. The ferrocenophane derivatives **11**, **12**, **14**--**17**, **19** and **21** represent some interesting examples for future investigations against CQ-resistant K1 strains; as all these compounds demonstrated better activities than FQ. Developing 4-N-substituted FQ analogues **88**--**92** with several folds higher activities than CQ against Voll, L1, PA, Bres, PCR3, W2, K2, K14 and FCM strains indicated that these compounds have potential for progressing as future antimalarials against all these *P*. *falciparum* strains. Therefore, it will be of huge benefit to develop these compounds and their new generations as possible agents for the treatment of malaria. Ruthenoquine and compound **94** may be supposed to have a bright future for the development of future generations of drugs with a hope to treat the infections due to CQ-resistant K1 and D10 strains. Carbosilane congener of FQ and its heterometallic complexes also demonstrated exciting *in vitro* antimalarial activities against NF54 and Dd2 strains of *P. falciparum*. Some of the compounds in this class demonstrated better activities than FQ and CQ against the two pathogenic strains. However, it must be mentioned here that the best congener was **105** which was about 10-folds more active than FQ against the NF54 strain. Thus, carbosilane congeners find a special place in the development of new generations of antimalarial antidotes using FQ as a template. Such compounds may be tested *in vivo* for the possible effects against several strains of *P*. *falciparum* so that new efficient antimalarials may be developed.

In nutshell, several FQ derivatives and analogues demonstrated promising *in vitro* activities and deserve attention for further investigation in *in vivo* animal models. Besides, some exciting templates can be chosen for further development of new efficient derivatives and analogues.

8. Toxicity issues of ferroquine derivatives {#sec8}
============================================

Toxicity is one of the serious issues of importance that is often looked keenly while developing antimalarial drugs. Drug toxicity is acceptable when the drugs are less harmful than the disease. The main toxicity associated with the use of CQ is severe itching of the skin, often an adverse effect in African patients. Combination of CQ with proguanil has good tolerability but this combination is usually associated with mouth ulcers and gastrointestinal problems. The treatment with quinine has the side effects of hypoglycaemia. Halofantrine has been established as unsuitable for widespread use in humans due to its potential cardiotoxicity [@bib105]. Interestingly, the famous FQ has been shown to respond negatively to the Ames and FETAX (Frog Embryo Teratogenesis Assay Xenopus) tests. Besides, it also showed negative results in the micronucleus in both *in vitro* and *in vivo* assays. However, it was found to be weakly mutagenic and genotoxic in similar types of experiments [@bib106].

The hydroxyferroquines (**1**--**3**) were investigated for their toxic effects against Vero (kidney epithelial cells) cell cultures. The minimum toxic concentrations of the compounds against Vero cells were 40, 40 and 200 μM, respectively. FQ showed a minimum toxic concentration of 40 μM for the same cell culture. It can be seen that the compounds **1** and **2** have similar toxic effects to that of FQ whereas the compound **3** is considerably of less toxicity. The toxicity investigations indicated that compound **4** can be viewed as a promising alternative to FQ [@bib40]. The FQ derivatives **8**--**22** reported by Salas et al. [@bib72] were investigated for toxic effects against MCF-10A (normal breast epithelial cells) cells. The compounds **8**,**9**, **11** and **12** had lower toxicity towards MCF-10A cells (IC~50~ = 74.7 ± 3.7--107.0 ± 2.1 μM) as compared to CQ and FQ, which displayed toxicities with IC~50~ values of 69.7 ± 4.8 and 26.5 ± 2.0 μM, respectively against the same cell line. Compound **9** was more toxic than CQ and less toxic than FQ as evident from its IC~50~ value of 47.9 ± 1.4 μM. However, the derivatives **13**--**22** were considerably more toxic than both FQ and CQ towards MCF-10A cells. The results were indicative of the fact that incorporation of the ferrocenyl moiety increased the toxicity, which has been previously seen in other ferrocenyl chloroquine compounds [@bib107], [@bib108], [@bib109]. However, more detailed studies are needed for the determination of the toxicity of such compounds to comment on their real candidature as future drugs. Interestingly, the ruthenoquine (toxicity 50% dosage = 11.55 ± 0.06 μM) was demonstrated to observe a lower toxicity than FQ (toxicity 50% dosage = 1.06 ± 0.01 μM) towards LLC-MK2 (monkey kidney cells) cells with selective indices of 13.3 and 8.2, respectively [@bib110].

It is clear from the discussion in this section that some FQ derivatives exhibit toxic effects towards normal cells. Some of the derivatives are mildly toxic while some exhibit pronounced toxicities in comparison to CQ and FQ. However, there are limited studies available on this subject and more investigations are needed to further comment on this issue. Besides, there is need to carry out the toxicity studies of FQ derivatives both *in vitro* and *in vivo* to visualize the potential of such compounds in the antimalarial chemotherapy.

9. Current challenges and future perspectives {#sec9}
=============================================

There have been enormous advances in almost every sphere of science and technology during the last couple of decades. Despite these advances, the treatment of malaria is still far from over. No doubt, malaria has been a threat to human beings all over the world and a big challenge to our society. The applications of the presently available antimalarial drugs are limited due to their side effects, other drug issues, and the onset of resistance in several malarial parasites. The development of novel antimalarials is associated with many impediments and the main problem lies in the fact that no general guideline is available that could direct the synthesis of new active antimalarials with the least or no possibilities of the onset of resistance. Thus, which other antimalarial molecules are active and should be investigated in near future is still a mystery. Till now, there have been significant advances in the understanding of the molecular aetiology of malaria, but ideal therapeutic modalities are still missing. In view of these facts, it is very urgent to speed up the development of new antimalarials.

The therapeutic potential of the diversity of molecules (both ligands and metal complexes) can be fully harnessed for the design of novel and efficient antimalarials. So, it would be beneficent to explore other FQ derivatives with diverse molecular features and topologies as antimalarials. Besides, targeting and activation strategies may be helpful in the development of future generations of antimalarials with ability to overcome the disadvantages of FQ and its derivatives. The FQ derivatives should be obtained with no or reduced side effects, broad spectrum of activity, and no onset of drug resistance. Modern theoretical methods such as Density Functional Theory, Molecular Operating Environment and techniques such as high resolution electrospray mass spectrometry and multinuclear polarization transfer NMR (nuclear magnetic resonance) spectroscopy are greatly helpful and can surely improve our understanding of the chemical and biochemical reactivity of drugs, which might help in establishing some meaningful structure--activity relationships. Therefore, chemical studies of antimalarials under physiologically-relevant conditions (*e.g.* biological screening conditions) becomes very important in drug development rationales.

Nanotechnology can be faithful as far as several important issues of conventional antimalarial chemotherapy are concerned. Besides, nanotechnology is expected to help in developing a new generation of effective antimalarial therapies with potential to overcome the biological, biophysical and biomedical barriers that the body imposes against a chemotherapeutic intervention. The drug molecules trapped within nanostructured frameworks are protected from degradation in the blood system, which allows their safe delivery to target sites. Nanodrugs exhibit no or the least side effects towards normal cells with the potential to cross cancer cell barriers easily. Besides, these drugs can evade unproductive properties of conventional antimalarials. Thus, it would be of considerable interest if antimalarials are trapped into nano cages, which might avoid their poor bioavailability and ensure selective, specific and fast action of the trapped drugs. Nano identities of FQ and its derivatives may be expected to be effective replacements of their conventional counterparts.

A few reports indicated synergistic effects in several malarial cases by the use of new antimalarials in combination with the established drugs. Therefore, combination therapies need to be explored in order to get novel drug combinations in near future. Besides, it is very important to establish dosage ratios of the combined drugs in a particular formulation. In the present scenario, software and simulation programmes can be used to estimate drug therapeutic efficiency even before their actual syntheses. Thus, simulated drugs with good bioavailability, maximum solubility, remarkably less side effects and higher efficiency need to be designed and developed. Malarial infections generally involve multiple and complex biochemical pathways. Therefore, a successful treatment depends on pharmaceutical intervention at multiple pathways and sometimes with a combination of different drugs. Hence, we envisage the development of FQ-based designed multiple ligands, which may act at multiple biological targets and be quite helpful in the eradication of malaria.

In view of the discussion in this section and the understanding of the molecular mechanism of inhibition of malarial sporozoites by FQ and its derivatives, we foresee the design and development of new FQ analogues along with the development of nano counterparts of FQ and its derivatives. It will be really great to see how they work. Medicinal chemists need to develop safe and effective FQ derivatives (either in nano regime or the normal size range) for the treatment of malaria. Briefly, the future of FQ-based scafolds is quite bright in the treatment of malaria.

10. Conclusion {#sec10}
==============

The inefficiency of quinine and its derivatives against malarial parasites and particularly the resistant strains of *P. falciparum* stimulated the development of other structurally relevant molecules for the treatment of malaria. Of course, FQ showed potential as a candidate for the treatment of malaria, however, the quest for the development of effective antimalarials still continues. Recently, much research is being carried out all over the world for the development of FQ derivatives as antimalarial agents and promising results have been obtained. Some of the FQ derivatives displayed several folds higher activities in comparison to CQ. However, research still needs to be carried out for exploring new molecules based on FQ scafolds as antimalarial agents. The FQ derivatives and analogues that have been reported with better activities than CQ and FQ against a plethora of malarial parasites need to be investigated for their toxic effects both *in vitro* and *in vivo*. This may help us to realize their real potential as antimalarial agents of clinical interest. Malaria greatly affects the economic status of particularly under developed nations and, therefore, needs to be eradicated as soon as possible. In this direction, the exploration of the antimalarial potentials of FQ derivatives along with their mechanisms of action is a ray of hope. Definitely, the future of FQ derivatives is quite bright since this is a step in the right direction towards the eradication of malaria.
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